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Strigolactones are terpenoid-based plant hormones
that act as communication signals within a plant, be-
tween plants and fungi, and between parasitic plants
and their hosts. Here we show that an active enan-
tiomer form of the strigolactone GR24, the germina-
tion stimulant karrikin, and a number of structurally
related small molecules called cotylimides all bind
the HTL/KAI2 a/b hydrolase in Arabidopsis. Strigo-
lactones and cotylimides also promoted an interac-
tion between HTL/KAI2 and the F-box protein
MAX2 in yeast. Identification of this chemically
dependent protein-protein interaction prompted the
development of a yeast-based, high-throughput
chemical screen for potential strigolactone mimics.
Of the 40 lead compounds identified, three were
found to have in planta strigolactone activity using
Arabidopsis-based assays. More importantly, these
three compounds were all found to stimulate suicide
germination of the obligate parasitic plant Striga
hermonthica. These results suggest that screening
strategies involving yeast/Arabidopsis models may
be useful in combating parasitic plant infestations.
INTRODUCTION
Strigolactones (SLs) are a set of related small molecules that
function in many aspects of plant growth and development
ranging from shoot branching and root development to germina-
tion (Domagalska and Leyser, 2011; Koltai, 2011; Ruyter-Spira
et al., 2013; Waldie et al., 2010; Xie et al., 2010). However, unlike
other plant hormones, SLs also act as ecological chemical com-
municators in host/parasitic plant interactions (Cardoso et al.,
2011) and between plants and mutualistic mycorrhizal (arbuscu-
lar mycorrhizal) fungi (Akiyama et al., 2005). In the case of para-
sitic plants, species within the Striga and Orobanche genera
have evolved a strong seed dormancy, which is broken when
they sense SLs exuding from the root of a germinating host. After
germinating, the parasite can infiltrate the host roots to withdraw988 Chemistry & Biology 21, 988–998, August 14, 2014 ª2014 Elsevinutrients. The contamination of soil with parasitic seeds has
devastated agriculture throughout the developing world. In
sub-Saharan Africa alone, Striga species have infested up to
two-thirds of the arable land and represent a major challenge
to food security on that continent (Parker, 2009; Spallek et al.,
2013).
One approach to combating Striga infestations that has
garnered attention is to deplete the soil of Striga seeds through
the use of compounds that germinate this obligate parasite in
the absence of the host (Zwanenburg et al., 2013). The develop-
ment of good suicide germination compounds, however, re-
quires the development of reliable high-throughput screening
approaches, which, in turn, requires clear details of SL signaling.
For the development of such tools, model plant systems rather
than experimentally intractable parasitic species could be useful.
Genetic, biochemical, and structural studies in Arabidopsis, rice,
and petunia suggest that a small family of a/b hydrolases are SL
receptors (Arite et al., 2009; Hamiaux et al., 2012; Jiang et al.,
2013; Nakamura et al., 2013; Zhou et al., 2013). Current models
propose that SL binds the D14 (dwarf 14)/AtD14 (Arabidopsis
D14)/DAD2 (decreased apical dominance 2) hydrolase in rice,
Arabidopsis, and petunia, respectively, which, in turn, recruits
an F-box protein, D3 (dwarf 3)/MAX2 (more axillary metristem 2)/
PhMAX2 (petunia MAX2), to trigger an ubiquitin-dependent
degradation pathway (Hamiaux et al., 2012). The recent observa-
tion that a rice protein, DWARF53 (D53), which shares homology
with both Clp ATPase and the heat shock protein HSP101, binds
D14 in an SL-dependent manner and is subsequently degraded
is consistent with such a model (Jiang et al., 2013; Zhou et al.,
2013). SLs also encourage an interaction between D14 and the
SLR1 (Slender 1) protein involved in gibberellic acid (GA)
signaling in rice (Nakamura et al., 2013). Although it is still unclear
how proteins like D53 and SLR1 relate mechanistically to SL re-
sponses, these observations do suggest that this a/b hydrolase
gene family is a nexus for SL signaling in plants.
Aside from AtD14, Arabidopsis has two other closely related
a/b hydrolases,HTL/KAI2 (hyposensitive to light/karrikin-insensi-
tive 2) and an uncharacterized gene, At3g24420 (Arite et al.,
2009). Interestingly, genetic and structural analyses of HTL/
KAI2 suggest that this hydrolase may not be an SL receptor
but, rather, is involved in perceiving karrikin, a smoke-derived
germination stimulant (Figure S1 available online; Zhao et al.,
2013; Guo et al., 2013; Waters et al., 2014). This is somewhater Ltd All rights reserved
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receptor families in plants perceive structurally similar small
molecule ligands (Lumba et al., 2010). However, the butenolide
moiety of SLs, designated the D ring, shares structural similarity
with karrikin, which may explain the functional overlap between
a/b hydrolase perception. Although the relationship between
SLs and karrikin perception in Arabidopsis is unclear, it appears
that both of these signaling pathways funnel throughMAX2, sug-
gesting that the signal transduction of SL and karrikins is highly
related (Waters et al., 2012). Whatever the case, the importance
of D14-related proteins in SL signaling suggests that these
genes might be useful in the development of high-throughput
chemical screening programs directed toward the development
of suicide germination compounds for Striga.
As part of an ongoing program to identify small molecules that
disrupt SL synthesis and signaling, we previously identified a
collection of sulfonamide-related compounds, collectively called
cotylimides, that perturb SL biology (Figure S1; Tsuchiya et al.,
2010). Comparisons of genome expression profiles between
seedlings exposed to either a cotylimide (CTL) compound
(CTL-VI) and the synthetic strigolactone GR24 correlate well
(Tsuchiya et al., 2010). Moreover, Arabidopsis mutants per-
turbed in SL synthesis and signaling are less sensitive to CTL-
VI, whereas CTL-VI increases SL levels in rice (Tsuchiya et al.,
2010). Although these results point to a close relationship be-
tween cotylimides and SLs, the direct targets of cotylimides
are still not clear.
Here we show that the SL analog GR24, a karrikin (KAR1),
and a collection of cotylimides directly bind HTL/KAI2. These
biochemical data were supported by genetic analysis and
suggest a functional overlap between AtD14 and HTL/KAI2
with respect to SL signaling. We also found that cotylimides
strongly promote an interaction between HTL/KAI2 and MAX2
in yeast, and this information was used to develop a high-
throughput screen to identify new compounds that encourage
this protein-protein interaction. Of the 42 lead compounds
identified in our yeast assay, three leads were shown to have
SL activity in Arabidopsis. Direct testing of these leads on
Striga hermonthica seeds showed that all promoted parasitic
seed germination. Our yeast/Arabidopsis-based screening sys-
tem should greatly increase our ability to identify new leads that
could act as suicide germination compounds to combat Striga
infestations.
RESULTS
GR24, Karrikin, and CTLs Bind HTL/KAI2
As mentioned, the Arabidopsis genome has three closely related
a/b hydrolase SL receptors: AtD14,HTL/KAI2, and an uncharac-
terized gene, At3g24420, that we have designated AtD14L (Arite
et al., 2009). We focused our efforts on the HTL/KAI2 gene
because this hydrolase is important for germination and early
seedling development inArabidopsis and, therefore, may closely
reflect SL receptors involved in Striga germination (Waters et al.,
2012). Furthermore, analysis of the Striga hermonthica genome
indicates that it has at least 11 HTL/KAI2 homologs versus
only one D14 ortholog, which suggests that amplification of
this a/b hydrolase family member was important in the evolution
to parasitism (http://ppgp.huck.psu.edu).Chemistry & Biology 21, 98We next decided to develop a simple, direct, and quantifiable
measure of binding of small molecules to HTL/KAI2. Generally,
the overall fluorescence of a protein is dependent on the fluores-
cence from individual aromatic residues, which, in turn, is influ-
enced by the conformation of the protein. If binding of a ligand
causes a change in the conformation a protein, it can often be
monitored directly through changes in protein fluorescence as
aromatic residues become repositioned (Mocz and Ross,
2013). Importantly, an intrinsic fluorescence output is not only
a direct binding assay but can also be titrated with the ligand
to determine an apparent binding coefficient (Kd). We found
that HTL/KAI2 intrinsic fluorescence was quenched in the pres-
ence of GR24 but not by the addition of GA, a hormone that
binds the GID1 a/b hydrolase GA receptor (Figure S2;
Ueguchi-Tanaka and Matsuoka, 2010). Furthermore, a racemic
mixture of active and inactive enantiomeric forms of GR24
showed an apparent Kd that was twice that of the active enan-
tiomer alone (Figure S2). Together, these results indicated that
the changes in fluorescence were due to specific binding rather
than a nonspecific interaction of the protein with GR24. By
titrating fluorescence with respect to the active GR24 enan-
tiomer concentration, we calculated an apparent Kd for GR24
of 4.7 mM (Figure 1A). Interestingly, although HTL/KAI2 contains
the typical nucleophile-histidine-acid catalytic triad that would
be involved in hydrolysis of GR24 (Hamiaux et al., 2012; Janssen
and Snowden, 2012; Nakamura et al., 2013), it has been re-
ported that HTL/KAI2 does not have catalytic activity (Zhao
et al., 2013). By contrast, both D14 and DAD2 have been shown
to hydrolyze GR24, and this hydrolysis is dependent on a func-
tional catalytic triad (Hamiaux et al., 2012; Nakamura et al.,
2013). Because our results suggested that GR24 bound HTL/
KAI2, we retested the catalysis of the active enantiomer form
of GR24 by HTL/KAI2. We first found that the published assay
conditions for GR24 hydrolysis by DAD2 did not work for HTL/
KAI2 (see Experimental Procedures). However, modification of
the assay conditions and, in particular, bringing the pH down
to 7.0, resulted in HTL/KAI2 producing a GR24 cleavage prod-
uct that was similar to that observed in the case of AtD14 and
other SL receptors (Figure 1B). Although we recognize that
GR24 is a synthetic SL, our results indicate that HTL/KAI2 can
bind and hydrolyze SL in a similar manner as other character-
ized SL receptors.
Because of suggestions that karrikins may also bind HTL/
KAI2, we tested fluorescence quenching in the presence of
KAR1 (Zhao et al., 2013; Guo et al., 2013; Waters et al., 2014).
We found that KAR1 quenched HTL/KAI2 fluorescence, which
is consistent with this hydrolase binding this smoke-derived
compound (Figure S2) However, KAR1 showed a higher Kd of
approximately 27 mM, indicating it has a lower binding affinity
for HTL/KAI2 than GR24 under our assay conditions (Figure 1A).
Finally, we also tested the ability of a number of CTL-related
compounds to quench HTL/KAI2 fluorescence. We found that
CTL-VI and four commercially available CTL-VI analogs (CTL-
acid [CTLa], CTL-methyl [CTL-m], CTL-chloro [CTL-c], and
CTL-chloro-methyl [CTL-cm]) bound HTL/KAI2, with CTL-m
showing the highest affinity and CTL-cm showing the lowest
affinity (Figure 1A; Figure S3). Therefore, our results suggest
that HTL/KAI2 not only binds SLs and karrikins but this it is
also a direct target of an assortment of CTL compounds.8–998, August 14, 2014 ª2014 Elsevier Ltd All rights reserved 989
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Figure 1. GR24 and CTL Analogs Bind HTL
(A) Binding properties of HTL/KAI2 in the presence of GR24, KAR1, or the CTL-VI analogs. Apparent dissociation coefficients (Kd) were derived from intrinsic
fluorescence measurements over a 20-fold range excess. Error bars represent mean ± SD.
(B) HPLC traces of GR24 with buffer alone (top panel), GR24 after incubation with purified AtD14 (center panel), and GR24 after incubation with purified HTL
(bottom panel). Pink arrowheads point to a product whose retention time is consistent with a hydrolyzed product of the ABC ring GR24 substructure (Hamiaux
et al., 2012). Only active GR24 () was used in the assays.
(C) Representative images of Y2H interactions between HTL andMAX2 in the presence of GR24 or a CTL analog. As a negative control, interactions between HTL
and an empty vector (EV) or between MAX2 and an EV are presented. All incubations were for 16 hr. A blue color represents a positive interaction.
See also Figures S1–S4.
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tions between D14 and MAX2 homologs in rice and petunia in
light of our GR24 HTL/KAI2 binding data encouraged us to
test whether Arabidopsis MAX2 could interact with HTL/KAI2
in a GR24-dependent manner. Using a yeast two-hybrid
(Y2H)-based assay, we found that the active enantiomeric
form of GR24 promoted a reproducible interaction between
HTL/KAI2 and MAX2 (Figure 1C). Furthermore, we found that
mutations that inactivated the catalytic triad in HTL/KAI2
completely eliminated the HTL/KAI2-MAX2 interaction, which
is consistent with similar observations using petunia homologs
(Figure S4). We also found that the karrikin, KAR1, promoted a
weak interaction between HTL/KAI2 and MAX2 (Figure 1C). In
contrast to SL and KAR1, we found that a number of CTL ana-
logs caused a strong HTL/KAI2-MAX2 interaction, as measured
by b-galactosidase activity (Figure 1C). Intriguingly, the CTL-
chloromethyl and, to some extent, the CTL-methyl analogs
caused HTL/KAI2 autoactivation in the absence of a MAX2
partner (Figure 1C). Because HTL/KAI2 is fused to the DNA990 Chemistry & Biology 21, 988–998, August 14, 2014 ª2014 Elsevibinding domain in this Y2H assay, it appears that these com-
pounds may cause a conformational change in HTL/KAI2 that
allows it to activate transcription.
a/b Hydrolase Mutants Are Less Sensitive to GR24,
Karrikin, and CTLs
To functionally confirm that HTL/KAI2 is a target of GR24, KAR1,
and CTL compounds required testing the responsiveness of
loss-of-function hydrolase mutants to these small molecules.
Although loss-of-function mutations in AtD14 and AtD14L exist
in a Columbia (Col) ecotype, there is no publically available
loss-of-function mutation in the HTL/KAI2 gene in this ecotype.
By contrast, loss-of-function HTL/KAI2 alleles do exist in
Wassilewskija (Ws) and Landsberg (Ler) accessions (Sun and
Ni, 2011; Waters and Smith 2013). It is generally accepted that
stacking loss-of-function mutations from different ecotypes
can confound phenotypic analysis because of the mixing of
natural variation between the parents (Passardi et al., 2007).
This variation can be minimized through multiple backcrosses,er Ltd All rights reserved
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Figure 2. AtD14 and HTL/KAI2 Work
Together to Perceive GR24
(A) Representative pictures of 4-day-old light-
grown seedlings in the absence () or presence (+)
of 10 mM GR24 ( +).
(B) Absolute quantification of the hypocotyl length
of single (atd14-1, htl-3, atd14L-1, and atd14L-2),
double (atd14-1 htl-3 and htl-3 atd14L-2), and
triple (atd14-1 htl-3 atd14L-2) mutants. Error bars
represent mean ± SD. *p < 0.05, indicating that the
hypocotyl length is significantly different from the
DMSO treated control of each genotype.
(C) Relative quantification of the hypocotyl length
of single (atd14-1, htl-3, atd14L-1, and atd14L-2),
double (atd14-1 htl-3 and htl-3 atd14L-2) and triple
(atd14-1 htl-3 atd14L-2) mutants normalized to
wild-type seedlings grown on DMSO. Error bars
represent mean ± SD. *p < 0.05, indicating that the
hypocotyl length is significantly different from the
DMSO treated control of each genotype.
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many backcrosses, residual heterozygous regions are still pre-
dicted to exist. Therefore, we decided to identify a htl/kai2 allele
in Col, which we designated htl-3 (see Experimental Proce-
dures). Unlike the atd14 and atd14L Col alleles and similar to
other published htl/kai2 ecotypic alleles, the htl-3 Col seedling
showed an elongated hypocotyl phenotype (Figure 2). The addi-
tion of GR24, however, only partially rescued the elongated
hypocotyl phenotype of htl-3 (Figure 2). We noticed that both
atd14-1 and atd14L mutant alleles (atd14L-1, atd14L-2) did
show a slight resistance to the inhibition of hypocotyl elongation
in the presence of GR24, which suggested that these genes may
also contribute to SL-dependent hypocotyl inhibition. To test
this, we first constructed double mutants between atd14-1 and
htl-3 and between atd14L-2 and htl-3. We found that atd14-1
htl-3, but not atd14L-2 htl-3, hypocotyls were highly insensitive
to GR24 inhibition of hypocotyl growth (Figure 2). Therefore, it
appears that AtD14 functions in concert with HTL/KAI2 in con-
trolling hypocotyl growth. Consistent with this, introduction of
the atd14L-2 mutation into the atd14-1 htl-3 double mutant
(atd14-1 htl-3 atd14L-2 triple mutant) did not obviously change
the SL responsiveness with respect to hypocotyl growth
comparedwith the atd14-1 htl-3 doublemutant (Figure 2). BasedChemistry & Biology 21, 988–998, August 14, 2014on our genetic analysis, we used the
atd14-1 htl-3 strain for subsequent
experiments.
One issue that arises in designing ex-
periments involving phenotypic compari-
sons between atd14-1 htl-3 andwild-type
seedlings in response to chemicals is
their differences in hypocotyl develop-
ment under light conditions. Unlike
atd14-1 htl-3 and the SL-insensitive
mutantmax2-1, which both have an elon-
gated hypocotyl phenotype in the light,
wild-type seedlings show short hypo-
cotyls. These developmental differences
in hypocotyl growth make direct compar-
isons between wild-type and SL mutantsunder the same growth conditions problematic. To circumvent
this issue, we introduced a COP1 transgene (35S::GUS-COP1)
into all three genotypes. Although it can be argued that misex-
pressing COP1 may affect biological responses to GR24,
because of the functional connection between SL and COP1,
the ability to easily measure, quantify, and compare the hypo-
cotyl response to GR24 between genotypes outweighed this
concern (Tsuchiya et al., 2010). As expected, wild-type hypo-
cotyls expressing 35S::GUS-COP1 were shortened by GR24
addition (Figure 3A; Figure S5). Inhibition of hypocotyl elongation
was also observed upon KAR1 addition and in the presence of
various CTL-VI analogs (Figure 3A; Figure S5). By contrast,
neither SL-insensitive genotype max2-1 nor atd14-1 htl-3 hypo-
cotyls misexpressing COP1 were shortened significantly by
GR24 or a number of CTL-VI analogs (Figure 3A; Figure S5).
Both genotypes did show a weak responsiveness to the
CTL-m and CTL-c analogs, which may reflect off-target effects
of these compounds because both genotypes are affected
equally (Figure 3A; Figure S5). Interestingly, atd14-1 htl-3 hypo-
cotyls also showed a weak responsiveness to KAR1, which sug-
gested that, in a Col ecotypic background, atd14-1 htl-3 can still
sense karrikin to some degree or that this chemical also has off-
target effects (Figure 3A).ª2014 Elsevier Ltd All rights reserved 991
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Figure 3. Perturbing HTL/KAI2 Decreases GR24 and CTL Sensitivity
(A) Effect of GR24 and CTL analogs on light-grown hypocotyl elongation of wild-type, max2, and d14 htl-3 seedlings containing a 35S::COP1-GUS transgene.
Seedlings were grown for 4 days on 0.53 minimal medium (Murashige and Skoog, 1962) or in the presence of the following compounds: DMSO (0.1%), GR24
(10 mM), CTL (1 mM), CTL-a (1 mM), CTL-m (10 mM), CTL-c (10 mM), CTL-cm (10 mM), or KAR1 (10mM). Scale bar, 1 mm.
(B) CTL-VI analogs exclude COP1 from the nucleus. The left panel shows the effect of GR24 or CTL analog addition on COP1 protein localization in representative
light-grown hypocotyls as monitored by cellular staining with a COP1-GUS translational fusion. Right panel, the same image stained with DAPI, in which the
yellow arrow points to the nucleus. The concentration of chemicals was the same as in (A). Scale bar, 10 mm.
(C) Representative GFP fluorescence from transgenic seedlings expressing HY5-GFP from a constitutive promoter (35S::HY5-GFP) exposed to GR24, KAR1, or
different CTL analogs. The seedlings were grown in the dark for four days on minimal medium plus DMSO (0.1%) or in the presence of the compounds (50 mM).
Dashed white lines were added to outline the hypocotyl region. The relative intensity of fluorescence compared with the mock DMSO control is indicated below
each image. Values represent mean ± SD relative fluorescence intensity of the nuclei.
See also Figures S5 and S6.
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A B Figure 4. A Small-Molecule Screen Un-
covers Lead Strigolactone Mimics
(A) An example of a portion of a screening plate
where DMSO control wells are shown bounded by
red lines, and wells containing yeast and screening
compounds are bounded by purple. The blue
colony encircled by a purple line indicates a posi-
tive result and is considered a hit.
(B) Yeast strains containing both HTL and MAX2
expressed in a yeast two-hybrid system were
screened for blue color intensity of colonies grown
on an X-gal reporter medium at 30C for 18 hr with
30 mM of each screening compound in duplicate.
The red line represents blue color intensity in the
upper 1% of all compounds screened.
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monitored the movement of COP1-GUS protein out of the nu-
cleus, an event that is induced by the addition of GR24 (Tsuchiya
et al., 2010). We found that GR24, CTL-VI, CTL-a, CTL-m, and
CTL-c all increased the exclusion of nuclear COP1-GUS (Fig-
ure 3B; Figure S6). Interestingly, the CTL-cm analog did not
dramatically inhibit nuclear GUS distribution, and this analog
was also the least effective at inhibiting hypocotyl elongation
(Figures 3A and 3B; Figures S5 and S6). Compared with wild-
type seedlings, both max2-1 and atd14-1 htl-3 mutant lines
showed little response to GR24 or CTL analog additions with
respect to decreases in nuclear GUS signal (Figure 3B; Fig-
ure S6). Finally, one consequence of SL-dependent nuclear
exclusion of COP1 is the stabilization of HY5 protein by GR24
in dark-grown seedlings (Tsuchiya et al., 2010). Using dark-
grown transgenic lines containing a constitutively expressed
HY5-GFP fusion, we found that the CTL-VI, CTL-a, CTL-m,
CTL-c, and CTL-cm analogs all caused clear punctate GFP fluo-
rescence signals compared with untreated control plants (Fig-
ure 3C). We also found that KAR1 addition caused a punctate
GFP fluorescence signal like the CTL compounds. However,
the intensity of the signal was only half of that seen with GR24
addition (Figure 3C). In summary, it is plausible that CTLs may
affect other gene products. However, our in planta observations
are consistent with HTL/KAI2 and AtD14 acting as SL/karrikin re-
ceptors, and these a/b hydrolase family members appear to be
functional targets of CTL compounds.
A High-Throughput Screen for Suicide Germination
Inhibitors for Striga
The finding that HTL/KAI2 can bind CTLs and the strong depen-
dence of the HTL-MAX2 interaction on CTL compounds in yeast
opened the possibility of developing a high-throughput target-
based screening assay to identify new compounds that promote
this protein-protein association. We tested this by screening
4,182 compounds from a diverse yeast-active small molecule
chemical library using the Y2H b-galactosidase (LacZ) colori-
metric reporter assay to monitor HTL/KAI2-MAX2 protein-
protein interaction (Figure 4A) (Wallace et al., 2011). The relative
color of the yeast colony was quantified with respect to back-
ground, and compounds that caused a color change of more
than three standard deviations from the mean (top 1%) were
analyzed further (Figure 4B). Using these conditions, we identi-
fied 42 compounds that strongly promoted an HTL/KAI2-MAX2
interaction. We then tested these 42 compounds in planta usingChemistry & Biology 21, 98our 35S::GUS-COP1 Arabidopsis hypocotyl growth assay. This
secondary filter found that three lead compounds were effective
in inhibiting hypocotyl elongation (Figure 5A and 5B). Further-
more, these three compounds also resulted in COP1 nuclear
exclusion in light-grown seedlings (Figure 5C). More importantly,
when we tested our three lead compounds in a Striga hermonth-
ica-based seed germination assay, all three were found to germi-
nated Striga seeds to varying degrees versus the mock control
(Figure 5D). Although none of the lead compounds were as
potent as GR24 in germinating Striga, all did show activity.
Therefore, it appears that the yeast/Arabidopsis screening
approach can be used to identify compounds that germinate
parasitic plant seeds.
DISCUSSION
The long-term objective of this study was to develop high-
throughput screening approaches to identify chemical leads
for depleting soil of parasitic seeds. The idea was to identify
small inexpensive chemicals that stimulate parasitic seed germi-
nation in the absence of a host plant. Because the most noxious
parasitic plant species are obligate parasites, germination in the
absence of a host is a lethal event. Previous attempts to identify
suicide germination compounds for parasitic seeds have had
limited success for a number of reasons. The production of large
quantities of naturally occurring SLs is not an option because of
the complexity and cost-effectiveness of synthesis (Sugimoto
et al., 1998; Reizelman and Zwanenburg, 2000). The develop-
ment of SL analogs such as the GR series circumvents some
of these problems. However, GR compounds have stability
problems in the alkaline soils that are often found in developing
countries (Babikar et al., 1988, Parker and Riches, 1993). Finally,
although compound testing could, in principle, be done directly
on parasitic plant seeds, high-throughput screening usually in-
volves scaling to tens of thousands of compounds (Kenakin,
2009). Because parasitic plant seeds are genetically heteroge-
neous and often require complicated physiological conditioning
before testing germination, reproducibility betweenmany exper-
iments can become problematic. As an alternative, we have
taken a pharma-based approach by identifying a clear SL target
and developing it into a high-throughput screen. To this end, we
characterized the HTL/KAI2 a/b hydrolase from Arabidopsis and
adapted this gene to a yeast-based screen to identify com-
pounds with SL activity. When our yeast assay was combined
with SL-dependent Arabidopsis assays, 3 compounds from the8–998, August 14, 2014 ª2014 Elsevier Ltd All rights reserved 993
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Figure 5. Lead Compounds Show SL Activ-
ity in Arabidopsis Hypocotyls and Striga
Seed Germination Assays
(A) The effects of 5 mM of GR24 and the
lead compounds on 35S::GUS-COP1 hypocotyl
lengths.
(B) Chemical structures for the three chemical hits
from the HTL 3 MAX2 Y2H interaction-based
screen that shortened hypocotyls from seedlings
containing the 35S::GUS-COP1 transgene. These
compounds were designated leads 1, 2, and 3.
(C) The effects of 5 mM of GR24 and lead com-
pounds on the nuclear localization of GUS staining
in light-grown hypocotyls from seedlings con-
taining the 35S::GUS:COP1 transgene.
(D) Percentages of germinated Striga hermonthica
seeds five days after treatment with the indicated
concentrations of strigolactone mimics. Error bars
represent mean ± SD. *p < 0.0.5, indicating that
the distribution is significantly different from the
wild-type.
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in a Striga hermonthica seed assay. Therefore, our two-step
yeast/Arabidopsis screening method is of high relevance for
the identification of lead suicide germination compounds.
The three lead compounds identified have records within
in the PubChem BioAssay resource (Wang et al., 2010). In-
terestingly, lead 1 (PubChem compound identification [CID]
45228223, 5-[(4-chloro-3,5-dimethylphenoxy)methyl]-N-[1-(1-
methylpyrazol-4-yl)ethyl]-1,2-oxazole-3-carboxamide) is anno-
tated as an agonist of the nuclear receptor homolog hgDAF-12
from the parasitic worm Heterodera glycines. In Caenorhabditis
elegans, production of the steroid hormone dafachronic acid
activates DAF-12 to regulate reproductive versus dauer larva
development (Gerisch and Antebi, 2004). Hence, it is intriguing
that this compound appears to act as a nuclear hormone recep-
tor agonist in both plants and animals. Although lead 2 (CID
1906281) and lead 3 (CID 3114940) have, until now, not shown
bioactivity in other systems, all three compounds adhere to
Lipinski’s rule of 5 (Lipinski et al., 2001). Both leads 2 and 3994 Chemistry & Biology 21, 988–998, August 14, 2014 ª2014 Elsevier Ltd All rights reservedhave a molecular weight of less than
300 kDa and have less than half the
number of hydrogen bond donors,
hydrogen bond acceptors, and rotatable
bonds allowed by common rules of
thumb for small molecule probe design.
This would suggest that they should
form good chemical scaffolds for the
development of more potent chemicals
in the design of suicide germination com-
pounds (Welsch et al., 2010).
The three active compounds shown
here are not structurally related to each
other or to the cotylimide core structure.
Natural and synthetic SLs invariably
contain three annulated rings, called
the ABC scaffold, which is connected
through an enol ether linkage to a buteno-
lide ‘‘D’’ ring (Xie et al., 2010). It has beensuggested that hydrolysis of the enol ether unit through the Ser-
His-Asp catalytic triad is essential for receptor activity (Hamiaux
et al., 2012; Nakamura et al., 2013). However, ‘‘SL mimics’’ lack-
ing an enol ether linkage have been found recently to induce
germination in Striga, suggesting that SL analogs and SL mimics
may have different receptor sites and modes of action (Zwanen-
burg et al., 2013). Our three chemical hits lack structural similar-
ity to the core SL ring structure and certainly lack an enol ether
linkage. This would suggest that they are not hydrolyzed by
HTL/KAI2 and may explain their potency. Interestingly, in our
yeast assays, a number of CTL analogs were better than GR24
in promoting a protein interaction between HTL/KAI2 and
MAX2. Furthermore, some compounds caused an autoactiva-
tion of HTL/KAI2 in the absence of the MAX2 partner. At this
time, it is not clear why the addition of a CTL would cause
autoactivation, but this result is consistent with these com-
pounds directly binding HTL/KAI2 protein. Finally, the observa-
tion that HTL/KAI2 is a direct target of CTLs is intriguing because
the addition of different CTL analogs to rice seedlings both
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(Tsuchiya et al., 2010). It is possible that the slightly different
binding affinities of these related small molecules to HTL/KAI2
feeds back in complex ways to either increase or decrease SL
levels. A clearer understanding of the molecular action of these
compounds will require structural studies of their association
with SL receptors and their effect on formation of a complex
with MAX2.
The high-throughput assay system we developed not only has
practical uses for suicide germination screening but can also be
used as a tool to probe the role of a/b hydrolases in SL signaling.
For example, studies in Arabidopsis suggest that, although there
is a close relationship between SL and karrikin signaling, AtD14
is an SL receptor, whereas HTL/KAI2 acts as a karrikin receptor
(Waters et al., 2014). Intriguingly, it has been reported recently
that, although a natural SL enantiomer signals through AtD14,
its non-natural enantiomer is specific for HTL/KAI2 (Scaffidi
et al., 2014). If this is true, SLs and karrikins define a small mole-
cule perception system that is radically different from other plant
hormones (Lumba et al., 2010). However, caution must be used
because, presently, many SL-related experiments are based on
the addition of small molecules to whole plants where the meta-
bolism of the molecules is unclear. Often, complex develop-
mental outputs, such as germination or hypocotyl growth, are
used that can be influenced by many developmental and physi-
ological inputs. Furthermore, genetic relationships between
AtD14 and HTL/KAI2 are often based on experiments that
require the production of mixed ecotypic genetic backgrounds
that are not isogenic and, therefore, risky to interpret phenotyp-
ically. In this study, direct biochemical analysis showed that HTL/
KAI2 bound a biologically active enantiomer of GR24 and, to a
lesser extent, the karrikin KAR1. We also found that stacking
loss-of-function mutations between HTL/KAI2 and AtD14 in the
same ecotypic background resulted in increased SL insensi-
tivity. Based on these results, the most parsimonious model for
HTL/KAI2 function is that this a/b hydrolase binds both SL and
karrikins. In this scenario, it is possible that the response of
Arabidopsis to smoke-derived karrikins is simply due to the
action of this compound as an SL mimic. Consistent with this,
our biochemical analysis found that KAR1 had a 10-fold lower
affinity than GR24 for HTL/KAI2 hydrolase. This is not surprising,
given that karrikins are structurally simple molecules compared
with SLs and that, usually, chemical complexity increases spec-
ificity (Chen and Shoichet, 2009). Whatever the case, the fact
that KAR1 binds HTL/KAI2 suggests that the butenolide sub-
structure may be a good scaffold in the design of molecules
that activate HTL/KAI2.
Finally, we found that all of our CTL compounds could stabi-
lize HY5 in dark-grown seedlings. In the context of CTLs and
SLs binding directly to HTL/KAI2, these results reinforce the
conclusion that HY5 and SL signaling are linked closely (Tsu-
chiya et al., 2010, Jia et al., 2014). Our CTL result, however,
is at odds with suggestions that SL signaling is largely indepen-
dent of HY5 function (Waters et al., 2014). However, this
conclusion is mostly based on a double mutant analysis that
was performed in a leaky hy5 mutant background (Sibout
et al., 2006). The small differences seen in these studies most
likely represent the contributions of the HY5 homolog (HYH).
Whatever the case, CTL compounds should be useful chemicalChemistry & Biology 21, 98probes for dissecting these and other relationships between
light and SL signaling.
In summary, we used a biological rather than a chemical
approach to develop suicide germination leads by taking advan-
tage of the ability of SLs to promote protein-protein interactions.
Our results indicate that high-throughput microbial-based
chemical screens using plant genes can be developed to identify
compounds with SL activity. Perhaps, more importantly, they
also indicate that the development of suicide germination com-
pounds should not be restricted to SL analogs. In addition,
recent reports suggest that SL analogs can inhibit the growth
of cancer cell lines (Pollock et al., 2012, 2014). This raises the
possibility that these leads may not play a role solely within the
realm of Striga research but could also serve as leads for chemo-
therapeutic drug development. Finally, the theY2H-based sys-
tem can be applied to other plant hormones because many
key hormones in higher plants use small molecules to promote
protein-protein interactions (Lumba et al., 2010). On this note,
recently, both abscisic acid (ABA)- and GA-dependent protein-
protein interaction assays in yeast have been used to identify
ABA agonists that may have roles in drought protection and
new GA antagonists that may have uses in sculpting plant archi-
tecture for agronomic purposes (Yoon et al., 2013, Okamoto
et al., 2013, Cao et al., 2013).
SIGNIFICANCE
SLs are recently discovered plant hormones that act as
germination stimulants by obligate parasitic plants. We
developed a high-throughput screen using yeast for SL ago-
nists and identified compounds that germinate parasitic
plant seeds. These germination suicide compounds may
be useful in combating parasitic plant infestations.
EXPERIMENTAL PROCEDURES
Mutant Identification and Plant Growth Conditions
All Arabidopsis experiments were performed using only the Col ecotypic back-
ground. To identify a Col loss-of-functionHTL/KAI2 allele, we screened 20,000
mutagenized (M2) seedlings for hypocotyl growth under blue light that was not
inhibited by the addition of 10 mM GR24. Seeds from each of these lines were
tested for thermoinhibited germination in the presence of 10 mM GR24 (Toh
et al., 2012), and subsequent genetic and molecular analysis of one GR24-
insensitive thermoinhibited line was identified to have an in-frame, 15-bp
deletion in the HTL/KAI2 gene. This line was designated htl-3 because this
was the genetic designation of this locus (Sun and Ni, 2011). Loss-of-function
alleles of AtD14 (atd14-1: WiscDsLoxHs137_07E) and AtD14L (atd14L-1:
SALK_126829C, atd14L-2: SALK_026193C) were obtained from the Arabidop-
sis Biological Resource Center. Insertions were validated by PCR. The
35S::COP1-GUS construct was introduced into various genotypes by crossing
them with a wild-type line harboring this transgene. For Striga hermonthica
germination assays, a 30 mg aliquot of Striga seeds was surface-sterilized
and sown on a 2.5 cm glass microfiber filter (Whatman GF/B). Seed condition-
ing was conducted by placing the discs into a sterile Petri dish, sealing it with
parafilm, and incubating it at 30C in the dark for 11 days. The discs were dried
briefly, which did not affect the germination efficiency. Then the discs were
transferred to two layers of filter paper on a new Petri dish and treated with
0.03% DMSO or various chemicals and then grown under 24 hr of light.
Yeast Growth Conditions
Solid yeast extract peptone dextrose (YPD) medium was made by dissolving
10 g of peptone, 5 g of yeast extract, one pellet of NaOH, and 10 g of agar8–998, August 14, 2014 ª2014 Elsevier Ltd All rights reserved 995
Chemistry & Biology
Strigolactone Signalingin 450 ml of water, which was then autoclaved. 50 ml of filter-sterilized 20%
(w/v) D-glucose was added to the autoclaved medium. Yeast nitrogen base
(YNB) medium for growth was made by dissolving 0.85 g of yeast nitrogen
base, 2.5 g of NH4SO4, 0.3 g of dropout (-H-U-L-W), and 10 g of agar (for solid
medium only) in 450ml of water. After autoclaving, 50ml of filter-sterilized 20%
(w/v) D-glucose and 30 mg of L-leucine were added to the medium. For YNB
used for assays, the ingredients described above were dissolved in 350 ml of
water, and, after autoclaving, filter-sterilized ingredients were added in the
following amounts: 50 ml of 20% (w/v) D-galactose, 50 ml of 10% (w/v) D-raffi-
nose, 50 ml phosphate buffer (493 mM disodium phosphate and 250 mM
monosodium phosphate), 30 mg L-leucine, and 40 mg X-gal.
Yeast Two-Hybrid Assays
The DupLEXA yeast two-hybrid system was used to analyze protein-protein
interactions between HTL/KAI2 and MAX2. The yeast strain RFY48 was
transformed with HTL/KAI2 or nothing as an empty vector control in the bait
plasmid pEG202 and the reporter pSH18-34. The yeast strain EGY48 was
transformed with the prey plasmid pJG4-5 carrying either MAX2 or nothing
as an empty vector control. The pEG202 carrying strain was mated with
both the MAX2 and empty pJG4-5 carrying strain on YPD. Mated yeast was
streaked on selective medium, and a single colony was grown in liquid
medium. The cells were harvested and resuspended in glycerol before being
frozen at80C. To perform the assays, the cells were streaked on YNB plates
from the glycerol stock and grown for 2 days at 30C. The yeast was trans-
ferred from the YNB plate to the assay plates using a 96-pin tool. Assays
were conducted at 30C.
Construction and Expression of Recombinant HTL Protein in
Escherichia coli
The HTL cDNA was amplified by PCR using a forward primer, HTL-F Bam
(GGATCCAAATGGGTGTGGTAGAAGAAGC), and reverse primer, HTL-R
ERV (GATATCTCATAGCAATGTCATTACGAATG). The cDNA product was
cloned into pENTR-1A (Invitrogen). Subsequently, the cDNA was cloned to
pDEST17 by LR reaction (Invitrogen) and transformed into Escherichia coli
strain BL21-CodonPlus(DE3) (Agilent). One liter of Luria broth medium was
inoculated into 10 ml of overnight culture and incubated at 37C until OD600
reached 0.7. Then protein expression was induced by the addition of
0.1 mM isopropyl-b-D-1-thiogalactopyranoside and incubated overnight at
18C. The Escherichia coli culture was lysed using a French press in 20 ml
of the extraction buffer (100 mM HEPES, 150 mM NaCl, 10% glycerol
[pH 7.0]). The buffer condition was critical for retaining the hydrolase activity
of HTL protein. HTL protein was trapped by nickel resin and eluted with
200 mM imidazole, and then the buffer was replaced with the reaction buffer
(100 mM HEPES and 150 mM NaCl [pH 7.0]) by Amicon Ultra 10K (Millipore).
Construction of the HTL/KAI2 Hydrolytic Triad Mutant
To construct the double triad mutant, the HTL/KAI2 gene was amplified using
the primers HTL-F-Bam and HTL-S95A-R and HTL-S95A-F and HTL-R. Each
of these PCR products was purified using a PCR purification kit (QIAGEN)
according to the manufacturer’s protocol. Those PCR products were diluted
203 and subsequently used as a template for a PCR reaction using the primers
HTL-F-Bam and HTL-R-ERV. This product was digested with BamHI and
EcoRVandcloned into thepENTR1Avector.Using theS95Amutatedconstruct
as a template, this method was used to introduce a second mutation site at
D217A. The following primers were used for amplification: HTL-F-Bam, gga
tccaaATGGGTGTGGTAGAAGAAGC; HTL-R, gatatctCATAGCAATGTCATT
ACGAATG; HTL-S95A-F, GTTGGCCACGCTGTTTCTGCC; HTL-S95A-R,
GGCA GAAACAGCGTGGCCAAC; HTL-D217A-F, GTGTTAAGGCCTTAGC
TGTACCAG; and HTL-D217A-R, CTGGTACAGCTAAGGCCTTAACAC.
GR24 Hydrolysis Assay
One microgram of GR24 was hydrolyzed with 10 mg of freshly prepared HTL or
AtD14 protein in the reaction buffer with 0.1% DMSO at a 100 ml scale. As a
negative control, a sample containing GR24 but excluding HTL/KAI2 protein
was processed in a similar manner. After overnight incubation at room temper-
ature in the dark, the reaction mixture was extracted with 100 ml of ethyl
acetate three times, and then the combined ethyl acetate phase was dried
in vacuo. The pellet was dissolved in 20% acetonitrile (v/v), and 1/10 volume996 Chemistry & Biology 21, 988–998, August 14, 2014 ª2014 Elseviwas used for high-performance liquid chromatography (HPLC) analysis with
the linear gradient method as follows: solvent A, water; solvent B, acetonitrile;
Cycle, 10% B for two minutes, linear gradient to 100% B over 10 min, 100% B
for 5 min, linear gradient to 10% B over 1 min, and retained a further 2 min.
HPLC analysis was performed using an Agilent 1200 series with a Zorbax
Eclipse XD8C18 column.
Intrinsic Fluorescence Assays
Small molecules were dissolved in DMSO and added to the protein in the vol-
ume needed to reach the indicated final concentrations. The volume of DMSO
in each well was identical. One hundredmicroliters of 10 mMHTLwas added to
the wells of a flat-bottomed, black 96-well plate. A Tecan infinite M1000Pro
spectrophotometer was used to take fluorescence measurements. Fluores-
cence intensities were recorded for each concentration of ligand with the pro-
tein as well as for the ligand alone. Readings were taken using an excitation
wavelength of 280 nm and an emission wavelength of 333 nm. The gain was
set to 70, the number of flashes to 50, the flash frequency to 400 Hz, and
the integration time to 2 ms. DF was calculated by taking the difference in
protein fluorescence of the DMSO control and each ligand concentration.
DF/DFmax was calculated by dividing DF by the maximum change in fluores-
cence for that series of concentrations. The Kd determination was performed in
SigmaPlot 11 using amodel with a single binding site with nonspecific binding.
Small Molecule Screening and Analysis
We arrayed 4,182 compounds from the Yeast-active library (Wallace et al.,
2011) into a 96-well format in a concentration of 3mM in DMSO. Onemicroliter
of each compound was added to the wells in 96-well plates in duplicate. One
hundred microliters of assay medium (see Yeast Growth Conditions) was then
added to each well of the plate. The plates were allowed to solidify for one day
in the dark before yeast was pinned onto the plate as described above. The re-
sults of the assays were photographed after 16–24 hr. The intensity of the blue
color of each colony was measured using ImageJ software (http://rsbweb.nih.
gov/ij/).
Subcellular Localization of GUS-COP1 Protein
35S::GUS-COP1 lines were germinated, grown, and strained for b-glucoroni-
dase activity as described previously (Tsuchiya et al., 2010).
Hypocotyl-Based HY5-GFP Assay
Transgenic seedlings expressing HY5 tagged with GFP (35S::HY5-GFP) were
sown on full-strength, solid MS medium supplemented with 50 mM of the indi-
cated compound. Chemicals were added from 100 mM stock solutions dis-
solved in DMSO. An equivalent volume of DMSO was added to the control
group. Seedlings were sown in 24-well plates and subsequently wrapped in
foil to exclude light. The plates were then placed in a 4C cold room for strat-
ification. After three days, the plates were unwrapped and exposed to light for
6 hr to promote germination. The plates were then rewrapped in foil and grown
for four days in the dark. HY5-GFP expression was imaged using a Zeiss Axio
Imager AX10 fluorescent microscope. All microscopy settings were consistent
between samples to ensure equal comparison across groups. Fluorescence
intensity was measured from at least ten randomly selected nuclei using
ImageJ software. For each nucleus, the intensity of a neighboring region
was measured to subtract background noise.
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